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Sterile 20 Kinase Phosphorylates Histone H2B
at Serine 10 during Hydrogen Peroxide-Induced
Apoptosis in S. cerevisiae
cellular organisms, mounting evidence suggests that
some features of apoptosis may extend to unicellular
organisms such as Saccharomyces cerevisiae. An apo-
ptotic-like phenotype, characterized byDNA fragmenta-
tion and modest chromatin changes, has been demon-
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In eukaryotic cells, DNA is organized into nucleo-Summary
somes, the fundamental repeating unit of chromatin
(Luger et al., 1997; Richmond and Davey, 2003). OneApoptosis is a highly coordinated cell suicide mecha-
well-studied mechanism for introducing variation intonism in vertebrates. Phosphorylation of serine 14 of
the chromatin polymer is the addition of posttransla-histone H2B, catalyzed by Mst1 kinase, has been
tional histonemodifications (e.g., acetylation, phosphor-linked to chromatin compaction during apoptosis. We
ylation, methylation, etc.) whose importance in a wideextend these results to unicellular eukaryotes by dem-
range of DNA-templated processes is becoming clearonstrating that H2B is specifically phosphorylated at
(reviewed in Jenuwein and Allis [2001]; Felsenfeld andserine 10 (S10) in a hydrogen peroxide-induced cell
Groudine, 2003). To date, relatively few histone modifi-death pathway in S. cerevisiae. H2B S10A mutants are
cations have been firmly linked to apoptosis-inducedresistant to cell death elicited by H2O2 while H2B S10E chromatin changes. Phosphorylation of the histone vari-phospho-site mimics promote cell death and induce
ant H2A.X at serine 139 acts as a “DNA damage sensor”the “constitutive” formation of condensed chromatin.
during the formation of DNA double-strand breaks in-Ste20 kinase, a yeast homolog of mammalian Mst1
duced by unnatural and natural means, including apo-kinase, translocates into the nucleus in a caspase-
ptosis (Rogakou et al., 2000). In Xenopus, chicken, andindependent fashion and directly phosphorylates H2B
human cells, phosphorylation of H2B at serine 14 (S14)
at S10. Conservation of targeted H2B phosphorylation
by Mst1 kinase, the mammalian Sterile 20-like kinase,
and the enzyme system responsible for the process is closely associated with apoptosis (Cheung et al.,
point to an ancient mechanism of chromatin remodel- 2003) and radiation-induced damage foci (Fernandez-
ing that likely plays an important role in governing Capetillo et al., 2004). However, the existence of this
cellular homeostasis in a wide range of organisms. phosphorylation mark in invertebrates and unicellular
eukaryotes has remained unclear, in part due to a lack of
Introduction obvious sequence conservation in H2B amino-terminal
tails (N-terminal tails). Thus, as is the case with mitotic
Apoptosis is the most common form of programmed H3 (serine 10/serine 28) phosphorylation (Hsu et al.,
cell death and plays a central role in development and 2000), no clear phenotypes, apoptotic or otherwise,
cellular homeostasis in higher eukaryotes. In vertebrates, have been linked to mutation of H2B (tail deletion or
apoptosis has evolved as amechanism to remove injured, point mutation) or any other histone protein.
infected, or superfluous cells via a noninflammatory path- In this study, we demonstrate an apoptotic-like role
way. Apoptotic cell death is characterized by distinctive for the amino terminus of histone H2B in budding yeast,
thereby extending this “death” property of H2B to amorphological and biochemical changes that include
unicellular organism. This function is unique to the H2BDNA laddering and chromatin condensation, typically
N-terminal tail, as no other core histone N-terminal taillate-stage events in the apoptotic pathway (for review
has the capacity to influence cell survival and deathand references see Wyllie et al. [1980]). Despite signifi-
properties. In addition, phosphorylation of S10 in yeastcant progress in identifying networks of upstream apo-
H2B is essential for the induction of the apoptotic-likeptotic regulators and effectors (reviewed in Kaufmann
cell death. S10A point mutants in H2B exhibit increasedand Hengartner [2001]), the molecular details of down-
cell survival accompanied by a loss of both DNA frag-stream events, such as large-scale changes in chroma-
mentation and chromatin condensation. In contrast,tin structure, are largely unknown.
S10E H2B point mutants display phenotypic markers ofOften regarded as a phenomenon confined to multi-
apoptosis, including a striking induction of “constitu-
tive” chromatin compaction. Finally, we identify Sterile
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20 kinase (Ste20) as a bona fide yeast apoptotic H2BS103Present Address: Department of Pathology, Johns Hopkins Hospi-
kinase. Together, these studies underscore an emergingtal, Baltimore, Maryland 21287.
theme for the widespread existence of apoptotic phos-4Present Address: Division of Biology, University of California, San
Diego, La Jolla, California 92093. phorylation-based histone H2B that remains poorly un-
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Figure 1. N Termini of Histone H2B, but No
Other Core Histone N Tails, Are Required for
Hydrogen Peroxide-Induced Cell Death in
Yeast
(A) Primary sequence alignment of H2B amino-
terminal tails from a select group of organisms
shows that S. cerevisiae and S. pombe have
an identical sequence surrounding S10 (see
arrow and underline). Note that the neigh-
boring sequence around phospho-S14 of hu-
man histone H2B (red dot refers to the site
of apoptotic phosphorylation; see Cheung et
al. [2003] for details) is similar to S10 of yeast
in that both are embedded in basic patches
with nearby alanine and proline residues. A
peptide containing the underlined sequence
phosphorylated at S10 was used to immunize
rabbits for antibody production (see Supple-
mental Figure S2 on theCellwebsite). refers
to the site of truncation 1–32 in yH2B.
(B and C) Exponentially growing wt and mu-
tant strains lacking specific histone N-ter-
minal tail (yH2A 1–20, yH2B 1–32, yH3 1–
30, and yH4 1–27) were treated with 1 mM
H2O2 for 200 min.
(B) Cell survival percentage was calculated
for each strain by counting number of colo-
nies formed following H2O2 treatment relative to untreated cells. Data were normalized to the appropriate wt control that was set to 100%.
Results were averaged from three independent experiments.
(C) Cell death was examined by PB staining, which stains only dead or dying yeast cells (Severin and Hyman, 2002). Data were represented
as in (B).
derstood and poorly appreciated. Conservation of tar- cultures treated with H2O2 maintained intact plasma
membranes as illustrated by propidium iodide staininggeted H2B phosphorylation and the enzyme system
responsible for bringing it about point to an ancient (Supplemental Figure S1 at http://www.cell.com/cgi/
content/full/120/1/25/DC1/). Interestingly, deletion ofmechanism of chromatin remodeling that likely plays an
important role in governing cellular homeostasis in a the N terminus of H2B (yH2B 1–32) resulted in a repro-
ducible resistance to H2O2 (85% cell viability; 10%wide range of organisms.
PB-stained cells). In contrast, levels of cell death similar
to that of wt cells were observed with all other histoneResults
tail truncation mutants (yH2A 1–20, yH3 1–30, and
yH4 1–27) (Figures 1B and 1C). These data suggestLoss of the N Terminus of H2B, but No Other
that a cell death propertymay exist uniquely in the aminoHistone N Tails, Abrogates Hydrogen
terminus of yeast H2B. Given the similarities betweenPeroxide-Induced Cell Death in Budding Yeast
this pathway and apoptosis, we will refer to the cellStudies indicate that the H2BN-terminal tail is important
death as apoptosis.for chromatin condensation and DNA fragmentation,
hallmark properties of apoptosis in vertebrates (Ajiro,
2000; de la Barre et al., 2001). Because budding yeast Histone H2B Is Phosphorylated at S10 in Yeast
Cells Undergoing H2O2-Induced Apoptosismay undergo apoptotic-like cell death (Madeo et al.,
1999; Ludovico et al., 2001; Severin and Hyman, 2002), Previously, we reported that histone H2B is specifically
phosphorylated at S14 in vertebrates undergoing pro-we sought to address whether the H2B N terminus is
involved. To this end, hydrogen peroxide (1 mM H2O2) grammedcell death (PCD;Cheunget al., 2003). Although
H2BS14 and surrounding sequences arewell conservedwas added to isogenic yeast cells expressing separate
N-terminal truncations of each of the four core histones, among vertebrates, they are not readily apparent in H2B
tails of invertebrates and unicellular eukaryotes such aswhich include yH2A1–20, yH2B1–32, yH31–30, and
yH4 1–27, all in identical histone-shuffle backgrounds yeast (Figure 1A). Thus, it remained unclear whether any
of the serine and/or threonine residues in the yeast H2B(see Experimental Procedures for details). After a 200
min incubation, cell survival was tested by a plating N-terminal tail could be phosphorylated in an apoptosis-
specific manner.assay; cell death was assayed with phloxin B (PB) stain-
ing, which stains only dead or dying yeast cells (Severin As shown in Figure 1A, numerous serine and threonine
residues exist in the N-terminal tail of yeast histone H2Band Hyman, 2002).
Consistent with previous findings (Madeo et al., 1999), that could potentially serve asphosphate acceptor sites.
Although serine 33 (S33)was embedded in a highly basica cell death phenotype was observed in wild-type (wt)
cells (30% cell viability; 70% PB-stained cells) after motif, similar to that of S14 in vertebrate H2B, S10 was
surrounded in a basicmotif that more closely resembledH2O2 treatment (Figures 1B and 1C). These findings were
not a result of cell necrosis, since protoplasts from S14 in vertebrate H2B. This sequence, punctuated by
Yeast Apoptotic H2B Phosphorylation
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Figure 2. Histone H2B Is Specifically Phos-
phorylated at S10 in Dying Yeast Cells
wt, H2B S10A, and H2B S33A were treated
with H2O2 and tested for cell survival (A), or
cell death via PB staining (B) as in Figure 1.
(C) Total nuclear protein, isolated from cells
treated with or without H2O2, was fractionated
by SDS-PAGE before immunoblots were
probed with -Phos (S10) H2B (see Supple-
mental Figure S2 on the Cell website for de-
tails on the antibody specificity). Except for
H2B, no other bands were detected with the
-Phos (S10) H2B. Where indicated, samples
were treated with or without bacterial AP.
-H4 was used as a loading control.
(D) wt cells were harvested after treatment
with H2O2 at the indicated times and sub-
jected to Western analyses using indicated
antibodies. While -Phos H2A.X, which rec-
ognizes S129 phosphorylation events associ-
ated with DNA double-strand breaks in yeast
H2A, occurred early in H2O2 treatment, H2B
S10 phosphorylation was first detected at 90
min time point. -H4 was used as a loading
control.
conserved proline and alanine residues, was identical S10 in a cell death pathway brought about by H2O2
treatment.in S. pombe (see underline in Figure 1A), suggestive of
a conserved but unknown function for S10. To analyze
if S10 in the yeast H2B serves a functional role in dying Cells Exhibiting Phosphorylation of Histone H2B
at S10 Display Apoptotic Phenotypesyeast, cells were generated expressing H2B in which
S10 and S33 were separately mutated to alanine (S10A We wished to address whether phosphorylation of H2B
at S10 has an analogous function to H2B S14 phosphor-and S33A, respectively). While S33A H2B mutants were
as sensitive to H2O2 treatment as wt cells, S10A H2B ylation during mammalian apoptosis. Yeast cells were
double-stained with TUNEL and -Phos (S10) H2B anti-mutants were desensitized to H2O2 treatment in much
the same way as H2B tail truncation mutants (i.e., their body and examinedby immunofluorescence (IF) micros-
copy. In accordance with the loss of cell viability aftersurvival was enhanced over wt cells; see Figures 2A and
2B). These results suggest the intriguing possibility that treatment with H2O2, about 80% of wt cells showed
TUNEL staining, a hallmark of apoptosis (Figure 3A).S10 in yeast H2B serves a comparable role to S14 in
mammalian H2B by acting as a site of phosphorylation Strikingly, 100% of the TUNEL-positive cells were co-
stained with -Phos (S10) H2B, demonstrating that apo-induced during an H2O2-elicited apoptotic pathway.
To directly test this hypothesis, a site-specific H2B ptotic DNA fragmentation correlates precisely with H2B
phosphorylation at S10 (Figure 3A). Similar positiveS10 phospho-specific antibody (hereafter -Phos [S10]
H2B) was generated (see Supplemental Figure S2 on staining patterns were observed with the S33A and the
histone tail truncation mutants that included H2A, H3,theCellwebsite for the antibody specificity). Nuclei were
prepared from logarithmically growing cells treated with and H4 (Figure 3B). However, in contrast, deletion of the
N terminus of H2B and the S10A mutants lacked theseor without H2O2 for 200 min before histones were ex-
tracted and probed by immunoblotting using -Phos characteristic markers of apoptosis, even with H2O2
treatment, further confirming that the phosphorylation(S10) H2B. As shown in Figure 2C, H2B from H2O2-
treated wt cells reacted strongly with -Phos (S10) H2B, at H2B S10 is required for these apoptosis-like proper-
ties in yeast (Figure 3B). Furthermore, translocation ofsuggesting that H2B is phosphorylated at S10 uponH2O2
treatment in yeast. As expected, -Phos (S10) H2B did phosphatidylserine (PS) from the inner to the outer leaf-
let of membrane, an early event of apoptosis detectednot react with histones prepared from S10Amutant cells
that were treated with H2O2 (Figure 2C). In contrast, H2B by Annexin V staining (Koopman et al., 1994), was pre-
vented to a larger extent in the H2B tail truncation andfrom the S33A H2B mutant (H2O2-treated) reacted simi-
larly to wt H2B. Reactivity with -Phos (S10) H2B was the S10A mutants (Supplemental Figure S1 on the Cell
website). In contrast, 80% of wt cells and the S33Adue to phosphorylation, since treatment of the histone
preparations with bacterial alkaline phosphatase (AP) mutants, as well as cells lacking the N-terminal tail of
histone H2A, H3, or H4 displayed externalization of PS,resulted in a drastic loss of -Phos (S10) H2B signal for
both wt (Figure 2C) and S33A strains following H2O2 confirming that cell death by H2O2 is indicative of an
apoptotic-like response (Supplemental Figure S1 on thetreatment (data not shown). Thus, genetic and immuno-
logical approaches implicate phosphorylation of H2B at Cell website).
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Figure 3. Apoptotic DNA Fragmentation via TUNEL Precisely Coincides with the Phosphorylation of H2B at S10
wt (A), or mutants lacking either H2B N-terminal tail (yH2B 1–32) and H3 N-terminal tail (yH3 1–30), or H2B S10A and S33A (B), treated with
or without H2O2, were stained with TUNEL and -Phos (S10) H2B. The same cells were counterstained with DAPI for DNA. Note the excellent
agreement of TUNEL and -Phos (S10) H2B staining in all cells containing H2B N-tails or S10 H2B.
(C) wt cells harvested after treatment with H2O2 (at indicated time points in Figure 2D) were stained with TUNEL and DAPI.
Next, we asked whether other yeast apoptotic stimuli ptotic pathway (Figure 2D). In addition, our time course
analysis indicated that theonset ofH2Bphosphorylationcould induce the enhancement of H2BS10phosphoryla-
tion. Yeast cells were treated with acetic acid and coincides with the initial appearance of apoptotic DNA
fragmentation evaluated by TUNEL staining (approxi--factor, chemicals reported to induce characteristics
of cell death in mammalian cells (Ludovico et al., 2001; mately 90 min post induction; see Figures 2D and 3C).
Thus, these data suggest that H2B phosphorylationmaySeverin and Hyman, 2002; Madeo et al., 1999). These
apoptotic-stimuli led to phosphorylation of H2B S10, play a role in establishing apoptotic DNA fragmentation
and/or chromatin condensation, characteristic of latedemonstrating that this chromatin mark is induced by
a wide range of stimuli that bring about features of apo- events in apoptosis.
ptotic cell death in yeast (Supplemental Figure S3 on
the Cell website). Taken together, our data lend support H2O2-Induced H2B S10 Phosphorylation Is
Mediated by Ste20 In Vivo and In Vitroto the view that budding yeast elicit an apoptotic-like
response by adding a chromatin-based “death” prop- During mammalian apoptosis, Mst1 kinase directly
phosphorylates H2B at S14 both in vivo and in vitroerty to the list of apoptotic features common between
yeast and vertebrates (Cheung et al., 2003). (Cheung et al., 2003). Mst1 belongs to the PAK (p21-
activated kinase) family, which also includes the yeastTo determine the kinetics of apoptotic events and
the onset of S10 phosphorylation, wt cells induced to Ste20 kinase; Mst1 and Ste20 kinase both share consid-
erable sequence similarity throughout their catalytic do-undergo apoptosis with H2O2 were harvested at half-
hour intervals for Western blot analyses and IF. Consis- mains (Creasy et al., 1996). Moreover, yeast containing
a deletion of Ste20 kinase (ste20) were resistant totent with the mammalian H2B S14 phosphorylation
(Cheung et al., 2003), yeast H2A phosphorylation pre- cell death elicited by pheromone treatment (Severin and
Hyman, 2002). Thus, we sought to determine whetherceded H2B S10 phosphorylation, suggesting that the
DNA double-strand breaks occur early during the apo- Ste20 kinase function is necessary for yeast cell death
Yeast Apoptotic H2B Phosphorylation
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Figure 4. STE20 Deletion Mutants Are Resistant to H2O2 and Abrogate H2B S10 Phosphorylation
H2O2 was added to ste20, a double mutant carrying both H2B S10A and ste20, cla4, yca1, or H2B S10A yca1 double mutant and tested
for cell survival (A) or cell death via PB staining (B).
(C) Yeast nuclear extracts from wt, ste20, H2B S10A ste20, cla4, and yca1 were probed with -Phos (S10) H2B. -H4 was used as a
loading control.
in vivo. Similar to the survival pattern observed with dohyphal/invasive growth pathways (Madhani and Fink,
1998), none of the downstream effectors displayedthe H2B S10A mutant cells (Figure 2A), ste20 cells
demonstrated resistance to H2O2-evoked cell death (Fig- changes inH2BS10phosphorylation in response toH2O2
treatment (Supplemental Figure S4 on the Cell website).ures 4A and 4B), accompanied by the loss of apoptotic
DNA fragmentation (data not shown). Additionally, we Notably, Cla4, which belongs to the Ste20 PAK family
and which shares an essential function with Ste20observed no difference between a double mutant car-
rying both H2B S10A and STE20 deletion, as compared (Cvrckova et al., 1995), also had no effect in these assays
(Figure 4). Thus, our data suggest that Ste20 kinase isto each respective single mutant with regard to survival
properties (Figures 4A and 4B). Taken together with the the single yeast apoptotic mediator that directly phos-
phorylates yeast H2B at S10 in a Yca1-independentprevious results reporting the importance of Ste20 dur-
ing pheromone-elicited yeast death (Severin and Hy- mechanism.
To investigate whether Ste20 could trigger the phos-man, 2002), our in vivo results suggest that H2O2 regu-
lates a comparable cell death pathway to other yeast phorylation of H2B at S10 during conditions believed to
induce yeast apoptosis, the level of H2BS10phosphory-apoptotic stimuli via Ste20.
Since caspases are integral components of many lation was assayed by immunoblotting. No signal was
detected by -Phos (S10) H2B with H2O2-treated yeastmammalian apoptotic pathways, we sought to deter-
mine whether H2B S10 phosphorylation is controlled lacking Ste20 (ste20) or double mutant carrying both
H2B S10A and ste20, suggesting that Ste20 may facili-by Yca1, the only known yeast caspase. Yca1 itself is
cleaved and displays a caspase-like proteolytic activity tate the phosphorylation of H2BS10 (Figure 4C). In addi-
tion, an in-gel kinase assay was employed to determinefollowing activation during yeast apoptosis (Madeo et
al., 2002). As shown in Figures 4A and 4B, deletion of themolecular weight(s) of potential yeast apoptotic H2B
kinases in total nuclear extracts. In this assay, nuclearYCA1 (yca1) in yeast decreased cell death induced by
H2O2, suggesting it acts as an apoptotic mediator, in extracts, prepared from H2O2-treated and untreated wt
or ste20 cells, were separated by SDS-PAGE gels thatagreement with published data (Madeo et al., 2002).
However, normal levels of H2B S10 phosphorylation are were first impregnated with either unmodified (amino
acids 4–14 of yeast H2B) or S10-phosphorylated H2Bdetected after H2O2 treatment in yca1 (Figure 4C).
Whereas enhancedviability is observed for each respec- peptides (Figure 5A). Following renaturation and in-gel
kinase assay, numerous bands were in common be-tive single mutant, the double mutant carrying both H2B
S10A and yca1 is strongly resistant to H2O2 (Figures tween these two peptide gels, likely due to autophosph-
orylation. However, a band with a molecular weight of4A and 4B), suggesting that Yca1 and Ste20-catalyzed
phosphorylation of H2B at S10 act in independent path- approximately 100 kDa was consistently detected with
H2O2-treated nuclear extracts in kinase activity gels con-ways modulating cell death. Although the MAPKKKK
Ste20 kinase functions as an upstream regulator in three taining the unmodified H2B peptide (Figure 5A). This
100 kDa band was absent in identically treated in-gelwell-studied S. cerevisiae MAPK cascades, high osmo-
larity glycerol (HOG), pheromone response, and pseu- kinase assays containing prephosphorylated (S10) H2B
Cell
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Figure 5. Ste20 Phosphorylates Histone H2B at S10 In Vitro
(A) Total nuclear extracts prepared from wt and STE20 deletion mutants were fractionated by SDS gels that were first impregnated with either
an unmodified histone H2B peptide or a comparable peptide that is singly phosphorylated at S10 as substrates. Following denaturation,
renaturation, and in-gel kinase activity procedures (Cheung et al., 2003), unincorporated [32P] label was removed before the gel was stained
with Coomassie stain to ensure the equal loading, dried, and subjected to autoradiography. An arrow indicates an 100 kDa band that was
consistently detected with H2O2-treated nuclear extracts in the unmodified H2B peptide-containing gel. Note that this species is not detected
when a phosphorylated (“blocked”) H2B peptide is used as the substrate or when extracts are prepared from STE20 deletion strains.
(B, C, and D) In vitro kinase assays were performed in the presence of GST-tagged full-length (FL Ste20), or kinase-dead form of Ste20K649R (KD).
(B) Phosphorylation of H2B peptides (amino acids 4–14) that were either unmodified or singly phosphorylated at S10 or H3 peptides (amino
acids 1–20) was assessed by measuring incorporation of [32P]--ATP using a filter binding assay. Ipl1 kinase was used as a positive control
with H3 peptides (Hsu et al., 2000). The indicated kinase activities were obtained from three independent experiments.
(C) Phosphorylation of recombinant yeast H2B, recombinant yeast nucleosomes, or a mixture of yeast core histones by the indicated kinase,
was analyzed by Coomassie staining and autoradiography.
(D) As in (C), except that the phosphorylation of H2B was detected by Western analysis using -Phos (S10) H2B.
peptide or with yeast nuclear extracts prepared from phosphorylated an unmodified H2B peptide containing
amino acids 6–16 from mammalian H2B (Supplementalste20 cells (see Figure 5A, arrow). As 100 kDa is the
predicted molecular mass of Ste20 protein, these data FigureS5 on theCellwebsite). In contrast, the phosphor-
ylation level was significantly reducedwith a similar pep-add further support that Ste20 kinase is an apoptosis-
induced H2B (S10) kinase. tide differing by a single phosphate at S14 (Supplemen-
tal Figure S5), demonstrating that yeast Ste20 can actTo further establish a direct role of Ste20 during H2O2-
induced yeast cell death event, full-length Ste20 (FL similarly in vitro as mammalian Mst1, a H2B S14 kinase.
In agreement with earlier findings (Hsu et al., 2000), aSte20), and a kinase-dead form of Ste20 (Ste20K649R; KD),
containing an inactivating single point mutation chang- H3 S10 kinase, Ipl1, displayed a strong preference for
only unmodified H3 peptide among all the peptidesing lysine to arginine, were expressed in bacteria as
GST-fusions and purified for kinase assays. Kinase ac- tested (Figure 5B).
Using purified H2B, nucleosomes, or amixture of coretivity was assayed by measuring incorporation of the
[32P] label into H2B peptides. As shown in Figure 5B, histones from yeast as substrate, products of similar
kinase reactions were separated on SDS-PAGE gel andFL Ste20, but not KD, phosphorylated unmodified H2B
peptide (amino acids 4–14), but not an H2B peptide analyzed by autoradiography. Incorporation of [32P] la-
bel in H2B was detected in the reactions with FL Ste20that is singly phosphorylated at S10. Moreover, both FL
Ste20 and KD were not able to phosphorylate unmodi- and not KD when purified H2B, or a mixture of core
histones was used as substrate (Figure 5C). Interest-fied H3 (amino acids 1–20; see Figure 5B), H4, or H2A
peptides (Supplemental Figure S5 on the Cell website), ingly, FL Ste20 also phosphorylated nucleosomal H2B
in vitro, suggesting that Ste20 kinase has the potential tosuggesting that Ste20 contains a strong histone kinase
activity specific for H2B N tails. In addition, FL Ste20 act on chromatin substrates in vivo (Figure 5C). Finally,
Yeast Apoptotic H2B Phosphorylation
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Figure 6. Substitution of H2B S10 with Glutamic Acid Induces Apoptosis
(A) wt and H2B mutant yeast strains were grown on YPD agar plates in the absence of H2O2.
(B) wt and H2B S10E, treated with or without H2O2, were stained with TUNEL and DAPI.
(C) Electron microscopy analyses of wt, H2B S10A, and H2B S10E mutants with or without H2O2. Arrows denote chromatin condensation. N
denotes nucleus and V refers to the vacuole.
parallel kinase reactions were performed with nonradio- wt cells (Figure 6B), indicating that the phosphorylation
of this residue is important for cell death. In addition,active ATP and analyzed by Western blotting. In agree-
ment, only FL Ste20 phosphorylated H2B as detected surviving S10E mutant cells were TUNEL-positive with-
out H2O2 treatment (Figure 6B). Upon the addition ofby -Phos (S10) H2B (Figure 5D). Taken together, these
results demonstrate that Ste20 kinase can directly phos- H2O2, fewer S10E mutant colonies survived (data not
phorylate H2BS10 in vitro under these assay conditions. shown), and these cells were also stained with TUNEL
Thus, we suggest that Ste20, a bona fide cell death (Figure 6B). While both single and double mutants car-
kinase in yeast, acts to bring about H2B S10 phosphory- rying either S33E and/or ste20 survived as well as wt,
lation through a direct enzyme-substrate interaction in the double mutant carrying both S10E and ste20 con-
a cascade triggered by H2O2 treatment. ferred a growth level similar to S10E (Figure 6A). Together,
these results suggest that S10E mutation induces apo-
ptotic characteristics including DNA fragmentation.H2B S10E Mutants Induce Apoptotic-Like
Formation of condensed chromatin and fragmenta-Features Including Chromatin Condensation
tion of DNA into oligonucleosomal lengths are hallmarksTo determine the role of H2B S10 phosphorylation dur-
for apoptosis. Thus, we asked whether H2B S10 phos-ing H2O2-induced apoptosis, we separately mutated S10
phorylation facilitates apoptotic chromatin condensa-and S33 to glutamic acid (S10E and S33E respectively)
tion. In agreement with published data (Madeo et al.,to mimic constitutive phosphorylation and to bypass
1999), electron microscopic investigation of wt cells in-the potential requirement for induced S10 H2B kinase
cubated with H2O2 revealed reproducible extensiveactivity. As shown in Figure 6A, the growth level of S10E
chromatin condensation typical for apoptosis (Figuremutations was drastically reduced on YPD agar plates,
6C). No condensed chromatin was observed in S10Aeven in the absence of H2O2. Although few S10E H2B
mutant with or without H2O2. In contrast, the S10E mu-mutants grew under these conditions, surviving cells
exhibited cell morphology similar to that of H2O2-treated tant displayed nuclei with striking patches of condensed
Cell
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Figure 7. Nuclear Localization of Ste20 upon
H2O2 Treatment
(A) Cytoplasmic and nuclear extracts were
obtained from GST-Ste20, GST-Ste12, and
GST-Ste7 and analyzed by Western blotting
using -GST following treatment with or with-
out H2O2. -H4 reacted with nuclear extracts
while -Ste11 reacted with cytoplasmic ex-
tracts.
(B) As in (A) except that Ste20 was visually
examined for the subcellular localization via
the GFP tag.
chromatin (see Figure 6C, arrows), even in the absence termining the localization of known nuclear (GST-Ste12
and histone H4) and cytoplasmic (GST-Ste7 and Ste11)of H2O2. These data suggest that H2B S10 phosphoryla-
proteins (Figure 7A). Furthermore, an approximate 130tion and its phospho-mimic, S10E, correlate positively
kDa band was consistently detected in H2O2-treated nu-with “induced” and “constitutive” chromatin compac-
clear extracts, corroborating that full-length Ste20, andtion in vivo. As far as we are aware, the H2B S10E point
not a cleaved form of Ste20, is translocated into themutant is one of the more striking histone-tail mutations
nucleus. These results are consistent with Yca1 op-shown to promote large-scale chromatin compaction.
erating in a separate pathway from Ste20-mediated H2B
S10 phosphorylation (Figure 4). Thus, our data under-
H2O2 Treatment Stimulates Translocation of Ste20 score a difference between yeast and mammalian cells
from Cytoplasm into Nucleus in that Ste20 does not appear to be a caspase-depen-
Our results indicate that Ste20 directly acts to phosphor- dent apoptotic kinase in yeast.
ylate H2B in vitro and in vivo. We reasoned that Ste20 Next, the sequence encoding green fluorescent pro-
kinase, which is normally present in cytoplasm (Leberer tein (GFP [S65T]) was fused to the N-terminal sequence
et al., 1997), should be able to translocate from the of STE20 in vivo to examine the subcellular localization
cytoplasm to the nucleus upon H2O2 treatment, even of Ste20 in response to H2O2. As shown in Figure 7B, in
though an obvious nuclear localization signal is not ap- the absence of H2O2 treatment, GFP-Ste20 was either
parent in Ste20. To test this hypothesis, a yeast strain concentrated at the site of bud emergence or appeared
was generated in which the STE20 gene was fused to as a diffuse signal in normal growing cells, again corre-
glutathione S-transferase (GST) at its N terminus. This lating with previously documented results (Wu et al.,
chimeric protein, under control of its endogenousSTE20 1995). However, upon treatment with H2O2, much of the
promoter, was fully functional as assessed by survival fluorescent signal concentrated within nuclei, precisely
in H2O2, H2B S10 phosphorylation, and ability to mate coinciding with DAPI-stained nuclei. Ste20 kinase activ-
(data not shown). Since Ste20 is localized in the growing ity is not required for its nuclear translocation, since
bud tip and the plasmamembrane during normal growth GFP-Ste20K649R, a catalytically inactive form of Ste20,
(Leberer et al., 1997), we predicted that GST-Ste20 conferred a localization pattern similar to GFP-Ste20
would localizemostly in the cytoplasmic fractionwithout (data not shown). These results are consistent with nu-
H2O2 treatment. As expected, a high percentage of GST- clear localization being an upstream event of histone
Ste20 was found in the cytoplasmic fraction from the H2B phosphorylation. As expected, GFP-Ste7 was con-
mock-treated samples when analyzed by Western blot- centrated in the cytoplasm, while GFP-Ste12 was in the
ting using -GST antibody. Surprisingly, H2O2 treatment nucleus (Supplemental Figure S6 on the Cell website).
facilitated the translocalization of Ste20 into the nucleus, Together, these results suggest that H2O2 induces a cell
as essentially all of GST-Ste20 was localized to the nu- death cascade in yeast by translocating Ste20 into the
clear extracts following this treatment (Figure 7A). Qual- nucleus in a caspase-independent fashion.We favor the
view that Ste20, upon nuclear uptake, phosphorylatesity of the fractionation procedure was verified by de-
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H2B at S10 directly to elicit chromatin compaction and sis has been observed in various human tumor cells
after treatment with certain drugs (Wang et al., 2003).reorganization that resembles to some extent what typi-
cally occurs during mammalian apoptosis. The finding of a cell death, H2B-mediated chromatin
remodeling pathway in organisms as diverse as yeast
and humans suggests that similar sequences may exist
Discussion in H2B tails from other organisms. In S. pombe, S10,
as well as its neighboring sequences, are completely
Chromatin alterations, induced in part via covalent his- conserved in its H2B N-terminal tail (Figure 1A), sug-
tone modifications, are proving to play ever-important gesting the possibility that S10 phosphorylation serves
roles in awide rangeof DNA-templatedprocesses. Here, an apoptotic function in fission yeast. Interestingly,
we uncover a unique and previously unrecognized Pca1, a Yca1 homolog in S. pombe, does not appear
“death” function of the H2B N tails in S. cerevisiae. This to play an essential role in S. pombe apoptosis when
function is unique to the H2B N tail and is not carried induced with fatty acid (lipoapoptosis; Zhang et al.,
by the N tails of H2A, H3, or H4. In keeping with results 2003). Thus, as in budding yeast, this process may also
obtained inmammalian cells (Cheung et al., 2003), phos- be mediated by a caspase-independent mechanism.
phorylation of S10 in yeast H2B serves a comparable Although apoptosis has been extensively studied in
role to phosphorylation of mammalian H2B at S14 and Drosophila melanogaster and Caenorhabiditis elegans,
is catalyzed by Ste20 kinase, a yeast homolog of mam- it remains unclear whether the N-tail of H2B, or its phos-
malian Mst1 kinase. We extend our mammalian studies phorylation, plays a significant role during cell death in
by showing that phosphorylation of S10 in H2B in yeast these models. As shown in Figure 1A, their H2B N tails
is necessary to induce cell death in vivo and exhibits are divergent, but potential phosphorylation acceptor
phenotypic hallmarks of apoptosis including DNA frag- sites may include S5 in Drosophila and S6 in C. elegans
mentation and chromatin condensation; these events as these serines are embedded in basic motifs near
are not detected in STE20 deletion or S10A H2B point alanine and proline residues. Moreover, hippo (Hpo), a
mutants. Importantly, a phospho-mimic of S10, S10E, Drosophila homolog of mammalian Mst1 and yeast
promotes the constitutive formation of highly com- Ste20 kinase, has been shown to modulate apoptosis
pacted chromatin. We favor the view that nuclear trans- in Drosophila (Harvey et al., 2003; Wu et al., 2003) and
location of Ste20 kinase, a yeast homolog of mammalian may facilitate phosphorylation of H2B during apoptosis.
apoptotic Mst1 kinase, directly catalyzes phosphoryla- A comparable scenario may exist in C. elegans, since
tion of H2B at S10 leading to the formation of highly cMst, a C. elegans homolog of mammalian Mst1 (Lee
condensed chromatin. et al., 2001), has been identified, although its role in
A direct link between large-scale chromatin remodel- chromatin remodeling and apoptosis remains to be ex-
ing and programmed cell death has not been made plored.
in an organism amenable to genetic and biochemical
analysis. Our in vivo studies direct attention to the
The Role of H2B S10 PhosphorylationN-terminal tail of histoneH2Band targetedphosphoryla-
Formation of condensed pycnotic chromatin is a hall-tion within a conserved sequence motif that likely pro-
mark of apoptosis, but details underlying these large-vides a critical “environment” (basic patches near ala-
scale chromatin changes are unknown. A previous studynine and proline residues) that facilitates chromatin
suggested that H2B tail could play an essential role incompaction by “cis” or “trans” mechanisms that remain
promoting chromatin condensation in Xenopus cell-freeunclear (see below).
extracts (de la Barre et al., 2001), although no responsi-
ble site(s) of phosphorylation were identified. Our in vivo
studies suggest that site-specific H2B phosphorylationConservation of H2B Phosphorylation
and Programmed Cell Death (vertebrate S14 and yeast S10) may facilitate chromatin
compaction. Condensed chromatin is not observed inOur data are consistent with H2B phosphorylation serv-
ing a previously unappreciated role in mediating DNA theS10Amutant, suggesting that H2BS10phosphoryla-
tion is required for these dramatic changes in chromatinfragmentation and chromatin condensation in yeast
(S10) and mammalian (S14) cells. However, unlike mam- structure (Figure 6C). In support, a phospho-mimic of
H2B S10, S10E, is able to induce “constitutive” proper-malian cells, the Ste20-catalyzed cascade in yeast does
not require a kinase-directed proteolytic processing ties of apoptosis including widespread chromatin con-
densation (Figure 6C). Interestingly, phosphorylatedevent. Instead, full-length Ste20, and not a caspase-
cleaved form, translocates into the nucleus upon H2O2 forms of yeast and human H2B peptides (phosphory-
lated at S10 and S14, respectively) display an intrinsictreatment (Figure 7) and facilitates phosphorylation of
H2B S10 through a direct enzyme-substrate interaction ability to form unusual peptide “aggregates” that are
stable even under harsh denaturing conditions (SDS,(Figures 4 and 5). Furthermore, Yca1, the only identified
yeast caspase, is not required for H2BS10 phosphoryla- boiling, urea, dithiothretiol [DTT], etc; see Supplemental
Figure S7 on the Cell website). This property is not ob-tion (Figure 4) even though it serves as an apoptotic
mediator during H2O2-induced cell death (Madeo et al., served with H3 (S10) phospho-peptides or a variety of
other histone tail phospho-peptides that we have sur-2002). Thus, two independent cell death processes may
exist in yeast; one which is mediated by a caspase, veyed under identical assay conditions (Supplemental
Figure S7 on the Cell website). Although poorly defined,such as Yca1, and the other mediated by a caspase-
independent mechanism involving H2B S10 phosphory- H2B tail-selective phosphorylation may induce an intrin-
sic “aggregation” property that plays a more direct rolelation. Precedent for a non-caspase-mediated apopto-
Cell
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Yeast strains carrying gene deletions (STE20, STE12, STE7, KSS1,in mediating chromatin compaction (“cis” effects). In
STE11, PBS2, SSK22, SSK2, CLA4, HOG1, and YCA1) were con-support, Richmond and colleagues have shown that a
structed by PCR amplication of a PTEF promoter-driven bacterial“basic patch” of the H4 tail (residues 14–19) can induce
histidine-resistance gene as described by Longtine et al. (1998).
condensed chromatin structures, although the influence PCR products were then transformed into JHY311 to create strains
of covalent modification within this stretch was not ad- that lacked the full ORF (ATG-Stop). Correct integration of the
marker was confirmed by PCR analysis. These strains includedressed in this study (Dorigo et al., 2003). Alternatively,
SAY152 (yca1::HIS3MX6), SAY153 (ste11::HIS3MX6), SAY154“trans” effects that include the recruitment of yet un-
(ste7::HIS3MX6), SAY155 (kss1::HIS3MX6), SAY156 (ssk22::known phospho-specific binding proteins are also pos-
HIS3MX6), SAY157 (cla4::HIS3MX6), SAY158 (pbs2::HIS3MX6),sible.
SAY159 (hog1::HIS3MX6), SAY160 (ssk2::HIS3MX6), and SAY148
In summary, while important differences in mechanis- (ste20::HIS3MX6). No morphologic or growth phenotype was ap-
tic details appear to exist between yeast andmammalian parent between SAY148 and SAY111 (gift from S.J. Kron). SAY151,
a double mutant carrying both H2B S10A and ste20::HIS3MX6,cells, our studies pave the way for a better understand-
was created by transforming SAY2 (htb1-S10A) with the same PCRing of apoptosis by defining a novel role of Ste20 and
product to generate SAY148. The GFP-Ste20 fusion gene under theH2B phosphorylation in a genetically tractable model.
control of STE20 promoter was generated by introducing a fragmentConservation of H2B phosphorylation and the enzyme
amplified by PCR, using pSA51 as template, into JHY311 or BY4741
system responsible for bringing it about point to an cells to create SAY144 and SAY145, respectively. SAY146 and
ancient, late-stage chromatin remodeling event in the SAY147, carrying the GST-Ste20 fusion gene under the control of
STE20 promoter (from 405 to 1, relative to the start site, 5 tocell death process that is conserved from yeast to
the STE20ORF), was generated by introducing a fragment amplifiedhumans.
by PCR using pSA52 as template, into JHY311 or BY4741. The
GFP-Ste12 (SAY 161) and GFP-Ste7 (SAY162) were generated asExperimental Procedures
described for GFP-Ste20, except that GFP-Ste12 was under the
control of STE12 promoter and GFP-Ste7 was under the control ofPlasmids, Yeast Strains, and Culture Conditions
STE7 promoter. The GST-Ste12 (SAY164) and GST-STE7 (SAY165)Plasmids, pQQ9 and pJH18, contain the genomic fragment ofHTA1-
were generated as described for GST-Ste20 (SAY146). Ste20K649RHTB1 (BamHI-SacII, 2.6 kb) and HHF2-HHT2 (SpeI-SpeI, 1.8 kb),
(SAY150) was constructed using the marker-fusion PCR methodrespectively, in pRS316 (Sikorski and Hieter, 1989). To obtain pJH33,
as previously described (Kitazono et al., 2002). Briefly, HIS3MX6the HHF2-HHT2 fragment was excised from pJH18 by XbaI-blunt/
cassette was integrated into 100 bp downstream of Ste20 stopSacII digestion and inserted into pQQ9 cut with ClaI-blunt/SalI.
codon to generate SAY149. The genomic DNA from SAY149 waspJH33 was digested with SacII/SalI to release HTA1-HTB1-HHF2-
used in PCR reactions to introduce K649R mutation in Ste20, andHHT2 fragment, which was then subcloned into pRS315-SacI to
then this PCR product was then transformed into SAY144 to createobtain pQQ18. Mutations in plasmids pSA17 (htb1-S10A), pSA18
SAY150 (GFP-Ste20K649R). The gene disruption and epitope tagging(htb1-S33A), pSA65 (htb1-S10E), pSA67 (htb1-S33E), and yeast his-
in each strain were confirmed by PCR.tone N-terminal deletion, pJH53 (hta1 1–20), pJH49 (htb1 1–32),
H2O2 was added to yeast cells growing exponentially on YPDpJH57 (hht2 1–30), and pJH45 (hhf2 1–27), were created by PCR
medium (1% yeast extract, 2% peptone, 2% dextrose) and after aand subcloned into pQQ18. pSA51 and pSA52, carrying the STE20
200 min incubation at 30C, cells were washed three times withpromoter, were created by replacing GAL1 promoter in pFA6a-
sterilized distilled water. Yeast apoptosis was also induced by 50His3MX6-pGAL1-GFP and pFA6a-His3MX6-pGAL1-GST (Longtine
mM acetic acid (Ludovico et al., 2001) and  factor (Severin andet al., 1998), respectively, with the STE20 promoter amplified by
Hyman, 2002). Synthetic complete medium (SC) was used for main-PCR using yeast genomic DNA from wt yeast cells as template.
taining plasmids and selecting gene replacements (Rose et al.,Yeast strains are listed in Supplemental Table S1 on the Cell
website, and all strains are derived from S288C (BY4741; Research 1990). G418 (Calbiochem) was added to YPD agar at 0.2 mg/ml.
Genetics) background. To construct JHY205, the heterologous Transformation of yeast cells was performed by the lithium acetate
drug-resistant markers, KAN, NAT, and HPH, that confer resistance procedure, as described by Gietz et al. (1992).
to antibiotics, kanamycin (Wach et al., 1994), nourseothricin, and
hygromycin (Goldstein and McCusker, 1999), respectively, were Test for Apoptosis, Immunofluorescence Staining,
used for targeted gene replacement. Briefly,HHT1-HHF1 andHTA2- and Electron Microscopy
HTB2 were deleted in a wt haploid (MAT) strain with KAN and The survival rate was carried out as previously described (Madeo
NAT markers, respectively. Since deletion of HTA1-HTB1 is lethal et al., 2002). An aliquot of the cultures was counted, diluted in
in S288C cells (J.-Y.H. and M.M.S., unpublished data), one copy of distilled water, and about 1000 cells were plated on YPD plates.
the HHT2-HHF2 and HTA1-HTB1 loci was first deleted in diploid After two days of growth at 28C, colonies were counted.
cells by the NAT and HPH markers, respectively. These cells were For TUNEL staining, yeast cells were fixed with 3.7% formalde-
then transformed with pJH33 and sporulated to generate haploids hyde and prepared as described (Madeo et al., 1999), except that
(MATa) that are resistant to nourseothricin (NAT) and hygromycin
TUNEL staining kits were purchased from Promega and used as
(HPH). These haploid cells were mated with those (MAT) that are
recommended by themanufacturer. For double staining with TUNEL
deleted in HHT1-HHF1 and HTA2-HTB2; and the resulting diploids
and -Phos (S10) H2B, cells were stained with TUNEL first and then
were then sporulated to obtain haploids that are resistant to nour-
with -Phos (S10) H2B.
seothricin, kanamycin, and hygromycin. Genomic disruption of the
Annexin V labeling, propidium iodide staining, and electron mi-
histone genes was further confirmed by colony PCR. Production of
croscopy were carried out as previously described (Madeo et al.,
the deleted histones was examined by histone purification and SDS-
1997).PAGE analyses. JHY311 was created by first transforming pQQ18
into JHY205 then selecting for the individual colonies growing on
Yeast Nuclei, Histone Extraction, and Western Blot5-FOA. Each histone gene was PCR amplified and sequenced.
Yeast nuclei were first isolated and then histones were extractedpSA17 or pSA18 was transformed into JHY205 to replace pJH33
as described (Hsu et al., 2000). Histone concentrations were mea-and generated SAY2 (htb1-S10A) or SAY3 (htb1-S33A), respectively.
sure by Protein Assay Kit (Bio-Rad). Approximately 1.5 g of yeastpSA65 or pSA67 was transformed into JHY205 to replace pJH33
histone proteins were analyzed by SDS-PAGE on 8% or 15% gelsand generated SAY168 (htb1-S10E) or SAY170 (htb1-S33E), respec-
followed by Western blot analysis. Antibodies were diluted as fol-tively. The yeast histone N-terminal deletions mutants (JHY293
lows: -Phos (S10) H2B: 1:5,000, -H4: 1:5,000, -GST: 1:10,000[hta11–20], JHY297 [htb11–32], JHY307 [hht21–30], JHY315
(Sigma), -Phos H2A.X: 1:500 (Upstate Biotechnology, Inc.),[hhf21–27]) were created by transforming pJH53 (hta11–20),
-Ste11: 1:500 (yN-19) (Santa Cruz Biotechnology, Inc). HRP-conju-pJH49 (htb11–32), pJH57 (hht21–30), pJH45 (hhf21–27) into
JHY205 to replace pJH33. gated rabbit secondary antibody (Amersham Pharmacia) was used
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and detected with the ECL plus kit (Amersham Pharmacia). For AP Phosphorylation of histone H2B at DNA double-strand breaks. J.
Exp. Med. 199, 1671–1677.treatment, histones were incubated with 1 l of shrimp alkaline
phosphatase (Promega) at 37C for 2 hr, boosted with another 1 l Gietz, D., St Jean, A., Woods, R.A., and Schiestl, R.H. (1992). Im-
of enzyme, and then the incubation continued for another 1–2 hr. proved method for high efficiency transformation of intact yeast
Five times concentrated Laemmli sample buffer was added and cells. Nucleic Acids Res. 20, 1425.
boiled to stop the reaction. Goldstein, A.L., and McCusker, J.H. (1999). Three new dominant
drug resistance cassettes for gene disruption in Saccharomyces
Protein Kinase and In-Gel Kinase Assay cerevisiae. Yeast 15, 1541–1553.
GST-Ste20 and GST-Ste20K649R were constructed by PCR using
Harvey, K.F., Pfleger, C.M., and Hariharan, I.K. (2003). The Drosoph-
yeast genomic DNA from wt yeast cells (BY4741) and SAY150 (GFP-
ila Mst ortholog, hippo, restricts growth and cell proliferation and
Ste20K649R), respectively, and then ligated into pENTRY and then into
promotes apoptosis. Cell 114, 457–467.
pDEST15 (GST). The GST fusion proteins were expressed in E. Coli
Hsu, J.Y., Sun, Z.W., Li, X., Reuben, M., Tatchell, K., Bishop, D.K.,strain BL21-codon plus (DE3)-RIL (Stratagene) at 30C for 2 hr,
Grushcow, J.M., Brame, C.J., Caldwell, J.A., Hunt, D.F., et al. (2000).bound to glutathione-Sepharose beads, and eluted with glutathione
Mitotic phosphorylation of histone H3 is governed by Ipl1/auroraaccording to the manufacturer’s instructions (Amersham).
kinase andGlc7/PP1 phosphatase in budding yeast and nematodes.Kinase assays were performed as described (Hsu et al., 2000),
Cell 102, 279–291.except that 1 g of recombinant Ste20 or Ste20K649R were added to
Jenuwein, T., and Allis, C.D. (2001). Translating the histone code.5 g of the indicated peptides. Alternatively, Ste20 or Ste20K649R was
Science 293, 1074–1080.incubated as above with either recombinant yeast H2B (2 g), a
mixture of acid-extracted yeast free histone (2.5g) or yeast nucleo- Kaufmann, S.H., and Hengartner, M.O. (2001). Programmed cell
somes (0.5 g). Assay mixtures were resolved by SDS-PAGE (15% death: alive and well in the new millennium. Trends Cell Biol. 11,
gels) and processed for autoradiography. For nonradioactive (cold) 526–534.
reactions, no [32P]--ATP was used and the reactions were run in Kitazono, A.A., Tobe, B.T., Kalton, H., Diamant, N., and Kron, S.J.
an SDS-PAGE gel for Western blot analysis. (2002). Marker-fusion PCR for one-step mutagensis of essential
In-gel kinase assay was done as described (Cheung et al., 2003), genes in yeast. Yeast 19, 141–149.
except that 5 g/ml unmodified (amino acids 4–14 of yeast H2B)
Koopman, G., Reutelingsperger, C.P., Kuijten, G.A., Keehnen, R.M.,or S10-phosphorylated H2B peptides were added to 10% SDS-
Pals, S.T., and van Oers, M.H. (1994). Annexin V for flow cytometricPAGE gels.
detection of phosphatidylserine expression on B cells undergoing
apoptosis. Blood 84, 1415–1420.
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